Introduction
Polychlorinated dibenzo-p-dioxins, polychlorinated dibenzofurans (PCDD/Fs, collectively referred to as "dioxins"), and polychlorinated biphenyls (PCBs) are widely recognised environmental and food contaminants. Historically, PCBs were widely used as cooling and insulating fluids for industrial transformers and capacitors while PCDD/ Fs have never been produced intentionally and are formed as a byproduct of combustion activities or in the production of organochlorine chemicals (Schecter and Gasiewicz, 2003) . Their ubiquitous presence has caused concern due to their environmental persistence, their bioaccumulation potential, and their toxic properties. The health effects associated with these compounds include immunotoxicity, carcinogenicity, and reproductive and developmental effects (Schecter and Gasiewicz, 2003) .
In developed countries, the occurrence of PCDD/Fs and PCBs is primarily a legacy of inadequate controls on emissions from sources of combustion, particularly waste incineration, and the historical use of PCBs. As PCBs have now been phased out, and industrial combustion emissions are tightly regulated, levels in the environment (Alcock and Jones, 1996; Schuster et al., 2011) , food (Durand et al., 2008; Harrison et al., 1998) and humans (Alivernini et al., 2011; Lignell et al., 2009 ) are in decline. There is consequently a historical legacy of contamination due to the environmental persistence (half-lives measured in 
Table 1
Categorised evidence used to assess the impact of flooding upon PCDD/F and PCB concentrations in meat.
Category Evidence
Strength of association between flooding and elevated contaminant levels. Examined for hazard (soil and grass concentrations) and outcome (meat)
• Contrasts in average contaminant concentrations between flood-prone and control farms • Number of farm pairs where the flood-prone sample had higher average contaminant levels.
• Number of farm pairs where both flood-prone samples were higher than both control samples (meat only). Consistency of association (hazard and outcome)
• Whether contrasts between flood-prone and control farms were apparent on both river systems.
• If distinct congener profiles exists on grass and soil from flood-prone farms, in comparison to control farms, then these should also be evident in meat produced on such farms. Alternative explanations
• Commercial feed contrasts between flood-prone and control farms • Are there logical explanations for unexpected concentrations in observed data?
decades) of many of these compounds. In less developed countries, the situation is different, with rapid industrialisation leading to increasing emissions which are only now starting to be controlled . Studies have indicated that in some of these countries, PCDD/F and PCBs levels in human tissue are now similar to those in European populations (Shen et al., 2009) . There is also evidence that in these less developed countries, concentrations of PCDD/Fs and PCBs are still rising in humans (Sun et al., 2011) . To protect public health in all countries, it is essential to understand the mechanisms through which PCDD/F and PCBs in the environment can transfer to humans. The major route of transfer for most of the population where there is no history of occupational exposure, is through food, which is estimated to account for around 90% of body burden (Liem et al., 2000) . This is due to the propensity of PCDD/Fs and PCBs to bioaccumulate in fatty foods such as fish, meat, dairy products, and eggs (Schecter and Gasiewicz, 2003) . These foods have thus been shown to be major contributors to dietary intake Food Standards Agency, 2003; Startin and Rose, 2003) . PCDD/Fs and PCBs can contaminate foodstuffs through several pathways, especially atmospheric deposition. It has been demonstrated that concentrations of these contaminants are often higher in produce from farms close to urban areas or industrial facilities, e.g. milk (Ball et al., 1993; Ministry of Agriculture Fisheries and Food, 1997) . In addition to aerial deposition, transfer through river systems may also be important as sediment in river systems can serve as a sink for PCDD/Fs and PCBs and then provide a long term source of release (Fattore et al., 2002) . Studies of PCDD/F and PCB loadings in the sediments of rivers worldwide have confirmed this (Fattore et al., 2002; Zhang et al., 2008) . Flooding of land by river water carrying PCDD/F and PCB contaminated sediment has been demonstrated to be an important source of localized contamination (Lake et al., 2005) , providing another pathway for transfer to the human food chain. Milk produced on flood-prone land on industrial river catchments has elevated PCDD/Fs and PCBs (Lake et al., 2005) . This study represents the first controlled investigation into potential contaminant transfer to beef cattle grazing on flooded pastures. It explores whether overbank flooding of grazing land might influence the concentration of PCDD/Fs and PCBs in animals reared using conventional animal husbandry techniques. Beef products, specifically carcass meat, are important commodities in the diet of the UK and many countries. The aims of the study were:
1. to establish whether flooding has an impact upon PCDD/F and PCB concentrations in meat of beef cattle 2. to provide supporting evidence by analysing matched samples of soil, grass and commercial feed samples from each farm.
Materials and methods

Study area
The study focused on the Trent and the Aire/Ouse river systems in central England. The locations of these are presented in Fig. 1 flood-prone pasture at farms next to the river Trent (Lake et al., 2005) . No comparable reports have been published on the Aire/Ouse river system. Maps of beef farm distributions and flood history along the two river systems were used to identify beef farms where a substantial proportion of the land regularly flooded. For each flood-prone farm, a nearby farm that was not subject to flooding, but which would be subject to similar amounts of aerial deposition of PCDD/Fs and PCBs (e.g. similar proximity to major roads) was selected as a control. The application of sewage sludge to land is a potential source of PCDD/Fs and PCBs, but none of these farms had received any sewage sludge over the last 20 years. The comparison of PCDD/Fs and PCBs between food produced on these pairs of farms provides the strongest evidence with which to examine the impact of flooding.
Ten farms on the River Trent (5 flood-prone/control pairs) satisfied these criteria and consented to take part in the study. In the event, one of the control farms was unable to provide any animals. The farm pairs selected encompassed locations on the upper, middle and lower reaches of the river. A further 10 farms (5 flood-prone/control pairs) on the middle-lower reaches of the Aire/Ouse river system agreed to take part, resulting in a total of 19 farms. From each of these farms, 2 beef cattle were selected from the herd and immediately transported to the abattoir for slaughter. The animals from the Trent and Aire/Ouse farms were collected during October-December 2008 and October 2010-February 2011 (extended due to poor weather) respectively. Samples of meat (muscle tissue) were taken from each animal. Processing of carcases at the abattoir was scrutinized to prevent cross contamination and to ensure sample integrity. The animals from which samples were taken were not market-ready, and beef cattle would normally be subject to an indoor finishing period during which they would be fed silage and commercial feed before eventual slaughter.
Samples collected
To provide supporting information for any trends emerging from the meat data, sources of dietary input to the beef cattle were also collected from all 19 farms during the same period that the animals themselves were collected. Grass is consumed by cattle while they are outdoors and soil is consumed inadvertently -while foraging. Commercial feed is provided to the cattle during the period they are indoors and silage is often given to cattle as pasture starts to decline in the autumn. Soil and grass samples were collected from fields regularly grazed by the herd using previous published methods (Lake et al., 2005) . In the case of flood-prone farms, samples were taken from locations with a known history of flooding.
Analysis and interpretation of data
PCDD/F and PCB concentrations were determined using accredited methods (UKAS; ISO 17025 standard). All analyses were based on the seventeen 2,3,7,8-Cl substituted PCDD/F congeners, four non-ortho PCBs (77, 81, 126, and 129) and twenty-one ortho congeners (18, 28, 31, 47, 49, 51, 52, 99, 101, 105, 114, 118, 123, 128, 138, 153, 156, 157, 167, 180, and 189) . TEQ values were calculated using WHO-1998 TEFs (van den Berg et al., 1998 to facilitate comparison with previously published data. Concentrations are reported as upper-bound total TEQs incorporating PCDD/F, ortho and non-ortho PCB concentrations. Upper-bound PCDD/F concentrations are also reported. Further details on the concentration of individual congeners are presented elsewhere (Lake et al., 2012) . In total, 83 samples (38 meat, 18 soil, 18 grass and 9 commercial feed) were analysed for PCDD/Fs and PCBs. As per the usual convention, and to allow easy comparison with other literature data, the meat (muscle tissue) data are presented throughout on a fat weight basis; grass and soil on a dry weight basis; feed on a whole weight basis. Extensive quality control and assurance measures for all analytes were undertaken (see Lake et al., 2005) . These data were analysed using conventional statistical analysis (See Supplementary Material 1) but due to the relatively small numbers of samples analysed in this study, very pronounced differences would be required between flood-prone and control sites to achieve statistically significant contrasts. To overcome these limitations, and to provide a more holistic overview of the data, our preferred method of analysis is using a weights of evidence table (Linkov et al., 2009) . Such integrative approaches are used widely (Landis and Bryant, 2010; Swaen and van Amelsvoort, 2009) . In this table all the evidence on flood-prone vs. control contrasts were listed and categorised using commonly utilised causation criteria (Hill, 1965) as indicated in Table 1 . In this table the "Strength of Association" evidence is listed in order of increasing strength as the contrasts in the paired analysis are stronger than the average differences between all flood-prone and control farms.
Results
The distributions of total TEQ (sum of PCDD/F and dioxin-like PCB TEQ) in meat, soil, grass and commercial feed are presented in Fig. 2 . The meat data (Fig. 2a ) demonstrated large variations in total TEQ concentrations with median levels of 2.94 (ng TEQ/kg fat) and range of 0.31-8.85 (ng TEQ/kg fat). The median value was less than the mean indicating that the distribution had a long right tail with a majority of lower values and a few higher ones. The soil data (Fig. 2b) also presents a skewed distribution with a median value of 6.79 (ng TEQ/ kg dry weight) and a large range (2.66-19.27 ng TEQ/kg dry weight). By contrast the grass data (Fig. 2c) had lower total TEQ (median 1.08 ng TEQ/kg dry weight) and a more restricted range (0.26-2.41 ng TEQ/kg dry weight). The commercial feed samples had low amounts of total TEQ (median 0.06 ng TEQ/kg whole weight ) and a narrow range (0.06-0.07 ng TEQ/kg whole weight).
To provide further information on the total TEQs and to allow comparisons between flood-prone and control sites, the meat data for individual animals are presented for matched pairs of flood-prone and control farms in Table 2 . Data is presented for the individual animals alongside the median value for each farm.
Table 2 reveals moderate differences in the concentrations found in meat between the two animals collected from each farm (mean difference 0.77, standard deviation 0.67 ng TEQ/kg fat). Although there is generally good agreement between pairs of animals from the same farm, there are sometimes considerable variations (e.g. Aire/ Ouse flood-prone pair 5). Given the identical husbandry to which each animal was exposed, the differences are likely to be due to physiological variations. Total TEQ on Aire/Ouse control farm pair 1 appear unusually high and both animals have total TEQ 50% greater than any other sample. Table 2 also demonstrates median total TEQ concentrations in meat from the Aire/Ouse were around 50% higher than those on the Trent for both flood-prone and control farms.
In terms of flooding, on both river systems, median total TEQs in meat are higher in samples from flood-prone farms than their control comparators (Trent: 2.61 vs. 2.40 ng TEQ/kg fat; Aire/Ouse: 3.97 vs. 3.48 ng TEQ/kg fat). A more robust analysis compares the median total TEQ for the two animals from each flood-prone farm to the median total TEQ of the two animals from its matched control farm. Seven from 10 flood-prone farms have higher median total TEQ levels in meat in comparison to their matched control farm. More robust still, for 6 of the 10 pairs, the total TEQ levels in both animals from each of the flood-prone farms were higher than for both animals from the matched control farms.
To provide supporting evidence for the trends in meat, soil, grass and commercial feed, samples were collected and analysed for total TEQ (Table 2 ). This shows that total TEQ in soil is generally higher on the Trent than on the Aire/Ouse river system. In terms of flooding on both river systems, median soil concentrations are higher on flood-prone farms. Stronger evidence emerges when the individual flood-prone/ control pairs are examined and 8/9 have higher concentrations on flood-prone farms in comparison to their controls. A further way to examine the impact of flooding is to compare samples of soil simultaneously collected from flood-prone and non-flood-prone sites situated in the same field. Two such samples were collected from the flood-prone, pair 1 site on the Aire/Ouse during the second sampling phase. The total TEQ were 4 times higher on the flood-prone part of the field (6.22 vs.1.41 ng TEQ/kg dry weight) providing further evidence that flooding transfers PCDD/Fs and PCBs to the land. Total TEQ for grass samples provides a poorer indication of the impact of over-bank flooding, as such samples would be expected to be more subject to short-term factors such as precipitation or air temperature. Nonetheless Table 2 indicates that on both river systems median total TEQ was higher on flood-prone farms. A comparison of farm pairs provides more robust evidence of this and 7/9 farm pairs have higher total TEQ on grass from flood-prone farms. On the site where samples were collected from flood-prone and non-flood-prone sites situated in the same field grass concentrations were marginally higher on the floodprone part of the field (1.22 vs.1.14 ng TEQ/kg dry weight). Commercial feed was fed to some of the cattle towards the end of their period outdoors to compensate for declining quantities of grass. Some cattle on the Aire/Ouse would have been fed greater amounts of commercial feed as the collection of animals was delayed until the beginning of February due to poor weather. Table 2 indicates that nearly all commercial feed samples had identical total TEQ and there was no evidence of elevated levels on flood-prone farms.
To provide further information on the impact of flooding Fig. 3(a) -(c) presents the median congener profile for all meat, soil and grass samples subdivided between flood-prone and control farms. An examination of the ortho-PCB profiles indicates that meat, soil and grass samples from flood-prone farms generally have higher concentrations than the corresponding samples from control farms. A similar differential is not apparent for non-ortho PCBs or PCDD/ Fs. It is worth noting the strong similarity in ortho-PCB profiles between soil and grass, suggesting a common source of contamination. The virtual absence of the lower chlorinated PCB congeners in Table 3 Weight of evidence table examining the impact of river flooding upon PCDD/F and PCB concentrations in meat.
Strength of association
Hazard Soil • Higher total TEQ (median 9.2 vs. 5.4 ng TEQ 1998 /kg dry weight) in soils from flood-prone farms • In paired analysis 8/9 flood-prone pairs have higher total TEQ • One field soil total TEQ was~4 times higher on the flood-prone part of the field compared to the non-flood-prone location Grass
• Similar median total TEQ (median 1.2 vs. 1.0 ng TEQ 1998 /kg dry weight) in grass between flood-prone and control farms • In paired analysis 7/9 flood-prone pairs have higher total TEQ • One field grass total TEQ was similar between the flood-prone part and the non-flood-prone location Outcome Meat • Higher total TEQ (median 3.2 vs. 2.6 ng TEQ 1998 /kg fat) in meat from flood-prone farms • In paired analysis 7/10 flood-prone pairs have higher median total TEQ • In paired analysis 6/10 flood-prone pairs have higher total TEQ in both animals compared to both animals from control farm
Consistency of association
Hazard Soil • Elevated total TEQ observed on flood-prone farms from both river systems Grass
• Elevated total TEQ observed on flood-prone farms on the Trent but not on the Aire/Ouse Outcome Meat • Elevated total TEQ observed on flood-prone farms from both river systems Between hazard and outcome
• Congener profiles of hazard and outcome show elevated ortho-PCB concentrations on flood-prone farms Alternative explanations
• Commercial feed an unlikely confounder as similar total TEQ concentrations observed on both flood-prone and control farms meat samples, despite their prominence in soil and grass, is consistent with PCB congeners 18, 25, 31, 52 and 101 being metabolised in cows (Thomas et al., 1999) . The beef samples taken in this study were not from market ready animals, and therefore regulatory limits do not apply. But it is interesting to note that on both river systems, Table 2 shows that several of the meat samples would have been above the action levels or maximum levels under EU regulations applicable at the time of sampling. There is an on-going UK Food Standards Agency project looking at contaminants including dioxins and PCBs in matched meat and offal from cattle of different ages to investigate whether or not there could be a problem with compliance with action levels and/or maximum levels in meat or offal that is destined for the food chain.
In January 2012, revised values for maximum levels and action levels for PCDD/Fs and PCBs for a range of foodstuffs based on the WHO-2005 TEF (van den Berg et al., 2006 values for PCDD/Fs and dioxin like PCBs were adopted within the EU (European Commission, 2011a , 2011b . The concentrations of PCDD/Fs and dioxin-like PCBs shown in Table 2 have been recalculated (see supplementary material 2) using the 2005 TEFs and this results in a mean reduction in total TEQ in meat of 11.9% (standard deviation 1.54%).
The low numbers of samples and sample pairs analysed in this study make the data less amenable to formal statistical analysis. Therefore, a weight of evidence table was constructed in Table 3 . A statistical analysis is presented in Supplementary Material 1.
Discussion and conclusion
Most of the evidence in Table 2 suggests that river flooding leads to elevated PCDD/F and PCB levels in meat. PCDD/F and PCB levels were higher in soil from flood prone farms and most farm pairs had higher soil total TEQ on the flood-prone farm. This result was consistent between river systems. Furthermore, on one field soil total TEQ was higher on the flood-prone part of the field in comparison to a location on the field that was not flood-prone. Comparable results for grass were not as strong but this is to be expected as the PCDD/F and PCB concentrations in grass will be more subject than soil to short-term influences such as rainfall or air temperature. Together the grass, but especially soil results, indicate that a potential for elevated PCDD/F and PCB levels in meat exists. This is in agreement with previous research (Lake et al., 2005 (Lake et al., , 2011 . Cattle consume grass directly as forage, and in the UK summer this will be the major constituent of their diet. Therefore, elevated PCDD/F and PCB concentrations in grass present a clear pathway for these contaminants into beef. The situation with soil is different as cattle generally only consume soil inadvertently. The few summer estimates of soil ingestion that exist suggest that soil constitutes a very small proportion (3.2-3.4% dry matter) of dietary intake (Healey, 1968; Thornton and Abrahams, 1983) . In this study total TEQ levels in soils were on average nearly 13 times higher than grass from the same location. Therefore, even small amounts of soil ingestion have the potential to affect PCDD/F and PCB concentrations in beef.
Direct evidence of the impact of flooding on PCDD/F and PCB concentrations emerges from the analysis of the meat samples. These suggest that this potential for elevated PCDD/F and PCB concentrations was realised, as meat samples from flood-prone farms had total TEQ levels that were around 20% higher than those from flood prone farms. The strongest evidence emerges from the paired analysis and most flood-prone farms had higher median levels than the matched control farms. Furthermore in most of these farms, both meat samples were higher than the corresponding 2 samples from the control farm. This result was consistent between the two river systems. The congener profiles of beef produced on flood-prone farms was similar to the congener profiles of soil and grass from flood-prone sites with elevated ortho-PCB concentrations, suggesting soil and grass as the source of the elevated levels in beef.
Alternative explanations were examined. Commercial feed samples were analysed and found to have nearly identical PCDD/F and PCB concentrations for both types of farms. One apparent anomaly in the data collected was from control farm pair 1 on the Aire/Ouse. Total TEQ concentrations in meat were 1.5 times higher than any other sample. However, a detailed examination of the animal husbandry data for this farm revealed two hypotheses for the elevated total TEQ. Firstly the two beef cattle were notably older than for other farms (26 and 31 months versus an average age of 11 months on all other farms). There is evidence that the body burden of PCDD/F and PCB increases with age in some mammals (Lorber et al., 1997) . The second hypothesis is based on the observation that both animals were noted at slaughter as being somewhat emaciated. The mobilisation of fat within the animals may have contributed to elevated total TEQ. Elevated levels of PCDD/Fs and PCBs have been observed in other animals during fasting (Bustnes et al., 2010; Debier et al., 2006) . Based upon all the evidence presented, we conclude that in river systems with a history of industrial activity river flooding transfers PCDD/Fs and PCBs to meat in beef cattle raised on the flood plains.
To collect stronger evidence for the impact of flooding upon PCDD/F and PCB concentrations in meat it would have been useful to examine the impact of specific flooding events upon concentrations in meat but previous research has indicated that the impact of flooding is cumulative in nature and not normally related to single events (Foxall et al., 2004) . Experimental approaches such as moving beef onto and off flooded pastures would provide further supportive evidence but these were not feasible in this study of working beef farms. Indicating a dose-response relationship between exposure to flooded pasture and concentrations of PCDD/F and PCBs would have provided further useful evidence. However, given that each of the farms in this study flooded to differing extents (9-93%, mean 50%), for different durations and that beef cattle would have moved around the farm in a nonrandom way, determining a "dose" for each farm was infeasible. Cattle on flood-prone farms spend much of their time on land that does not flood. This suggests that the dose of PCDD/Fs and PCBs received on flood-prone land is not entirely masked by the time spend on nonflood prone sites. While the cattle are outdoors they are not usually provided with commercial feed and they forage almost exclusively on pasture. Therefore, commercial feed does not provide the masking effect suggested on studies of other foodstuffs (Lake et al., 2011) .
The aim of this study was to examine the impact of river flooding upon PCDD/F and PCB in beef. However, it was also observed that PCDD/F and PCB concentrations in beef were above those reported by the latest UK Total Diet Study (mean 3.3 vs. 0.9 ng TEQ/kg fat) (Food Standards Agency, 2003) . This was anticipated because both river systems were selected on the basis that their catchments contained substantial urban and industrial areas. Commercial feed was discounted as a source, as concentrations in feed were similar to those reported in other UK studies (Fernandes et al., 2006) . The elevated levels were such that several of the meat samples would have been above the action levels or maximum levels under EU regulations applicable at the time of sampling. It is important to recognise that these samples would probably not have entered the food chain at this stage, because under current husbandry practice, after being taken indoors the cattle would typically have undertaken a finishing-off period. This usually consists of around 6 months indoors being fed commercial feed as well as silage (usually from the farm). Our own results indicated relatively low levels of total TEQ in commercial feed in comparison to the environmental (soil and grass) samples. There is limited evidence on the half lives of PCDD/Fs and PCBs in beef although one study has suggested 3-5 months for PCDD/Fs in 10 month old beef cattle (Thorpe et al., 2001 ) dosed over a 28 day period. However, as this is an artificial dosing study its transferability to this context is uncertain. Another study indicated 13 months for PCBs in beef (Gill et al., 1992) . We also note that especially on the Aire/Ouse, several of the beef samples were taken up to half way through this indoor period. Taken together we suggest that the period of finishing-off cattle to market readiness is unlikely to alter dramatically the levels of PCDD/Fs and PCBs in meat observed in this study. This could only be verified by actual measurement. This suggests that the source of the elevated levels in these river systems is a historical legacy of contamination due to previous industrialisation, as well as more recent combustion activity or pollution events.
This study is the first controlled investigation into the effects of flooded river pastures on beef production. In spite of the low number of samples, it has presented robust evidence that, in catchments with a history of urbanisation and industrialisation, flooding is a mechanism for transferring PCDD/Fs and PCBs into meat and thereby into the human food chain. Across the globe there are a number of river systems where contamination of river sediments with PCDD/Fs or PCBs have been reported (Hilscherova et al., 2003; Jiamo et al., 2003; Umlauf et al., 2005) . Our study indicates that within such areas, farming on flood-prone land may present an additional source of elevated PCDD/F and PCB levels in beef. In many parts of the world PCDD/F and PCB levels in soils similar to those observed in this study have been found. These occur in both more and less developed countries (e.g. China (Xiao et al., 2010; Zhang et al., 2009) ). Our results indicate that, depending upon the specifics of animal husbandry (Lake et al., 2011) , in such areas there is the potential for levels of PCDD/F and PCBs in beef to be close to those observed in this study.
